diacylglycerols 4) and glycosylphosphatidylinositols (GPI) 5) through post-translational processing, and anchored to the membrane by the lipids. Among the lipid anchors of membrane proteins, GPI anchors have the most unique structures containing oligosaccharides and inositol phospholipids. Many membranous enzymes, receptors, differentiation antigens and other biologically active proteins proved to be bound to the plasma membrane by GPI. In this review, the author will focus on the fundamentals of GPI-anchored proteins such as their discovery, occurrence, signal sequences for GPI modification, structures of GPI anchors as well as GPI biosynthesis and post-translational modification of proteins by GPI.
DISCOVERY AND OCCURRENCE OF GPI-ANCHORED PROTEINS
In 1976, we reported complete purification of phosphatidylinositol-specific phospholipase C (PI-PLC) from the culture broth of Bacillus cereus, and showed that this enzyme can release alkaline phosphatase from rat kidney slices. 6) This work was immediately followed by the reports that PIPLCs of Clostridium novyi, Staphylococcus aureus and Bacillus thuringiensis also proved to release 5Ј-nucleotidase 7, 8) and alkaline phosphodiesterase I 9) from plasma membranes of mammalian cells, and acetylcholinesterase from the membranes of mammalian erythrocytes 10) and Torpedo (electric ray) electric organ. 11) In 1985, Ferguson et al. 5) reported that the coat protein VSG (variant surface glycoprotein) of Trypanosoma brucei was released by PI-PLC from cell surface, and that VSG was bound to the plasma membrane by so-called glycosyl-1,2-dimyristoyl phosphatidylinositol anchor which contained mannose, glucosamine, ethanolamine and phosphatidylinositol. Eventually, the membrane proteins which had been reported to be released by bacterial PI-PLC, proved to be anchored by GPI, 12) as shown in Fig. 1 . 13) Now, GPI-anchored proteins are ubiquitously found in eucaryotes; vertebrates, plants, mollusca, insects, schistosomes, fungi and protozoa. 5, [12] [13] [14] [15] [16] However, they have never been found in Eubacteria. On the other hand, Giardia lamblia, one of the most primitive eucaryotes, has a GPI-anchored protein, GP49, in the cell surface. 17) This mastigote has no mitochondria which are generally assumed to be derived from Eubacteria. Therefore, the evolutional origin of GPI anchor in the eucaryotes is the most unlikely to be related to Eubacteria. Thus we recently tried to find the origin of GPI-anchored proteins in Archaeobacteria. By metabolic labeling of the cells with the components of GPI, we confirmed the presence of GPI-anchored proteins in a strain of the genus Sulfolobus, 18) which has been considered to be closely related to eucaryotes. [19] [20] [21] Now, Eisenhaber's group supported our result in their recent report. 22) By use of the big-P predictor analysis of protein sequence data from complete genomes, they found the presence of GPI modification among lower and higher eucaryotes tested (at the rates of ca. 0.5% of all proteins), and concluded that protein modification with GPI seemed absent in all eubacterial and three archaeobacterial species analyzed whereas four archaeobacterial genomes appeared to encode the proteins endowed with the ability of GPI binding. In short, their results support the presence of GPI-anchor modification in a certain group of Archaeobacteria as well as all Eucarya.
STRUCTURES OF GPI-ANCHORS AND THEIR MICRO-HETEROGENEITY
The representative GPI-anchored proteins reported are shown in Table 1 . Without exception, GPI anchors are covalently linked to carboxyl-terminals of proteins. Figure 2 shows the typical structures of GPI anchors in eucaryotes. The core structure presented for GPI is composed of ethanolamine phosphate, trimannoside, glucosamine and inositol phospholipid in this order. 12) Various substituents were introduced to the moiety of mannosides or inositol in the specific manner. Mostly, the GPI anchor of each protein is not homogenous but a mixture of several homologues. For instance, the VSG anchor of T. brucei exhibits microheterogeneity in the number of galactose residues in the side chain, 24) while 5Ј-nucleotidase of bovine liver bears the anchor mixtures of five homologues differing in the substituents on mannoside moiety, as shown in Fig. 3 . 30) On the one hand, Fig. 2 also shows that the moiety of inositol phospholipid must function as a hydrophobic anchor for each protein to attach to the membrane. A variety of lipids such as 1,2-diacylglycerol, 1-alkyl-2-acylglycerol, monoacylglycerol and ceramide are utilized as the lipid moiety (X) in inositol phospholipids, myo-inositol--X ( : phosphate), of GPIanchor. Also, an acyl substituent in the myo-inositol moiety of some GPI-anchored proteins must contribute to the function of anchor. This acyl group makes these GPI anchors resistant to bacterial PI-PLC, 31) by inhibiting the step of cyclic phosphate formation (Step I) in the reaction sequence of this enzyme (Fig. 4) .
In contrast with protozoal GPI anchors, mammalian anchors so far reported contain one or two ethanolamine phosphate (EtN-) residues, in addition to that involved in the core structure. Especially, all the mammalian GPI structures determined commonly possess an EtN-residues at the (M 1 ) mannose site. 25) Beside bacterial PI-PLCs, trypanosomal GPI-specific phospholipase C (GPI-PLC) 33) and mammalian GPI-specific phospholipase D (GPI-PLD) 34) have been known as GPI-degrading enzymes, as shown in Fig. 2 . PI-PLCs and these enzymes are used to determine the presence and the structures of GPI anchors and to search for the intermediates in the process of GPI biosynthesis. Especially, PI-PLC of B. thuringiensis discovered in 1980 35) has been more extensively utilized for study of GPI-anchored proteins than other enzymes. On the one hand, GPI-PLD is effective for hydrolysis of GPI anchors having acylated inositol which is resistant to PI-PLCs and GPI-PLC. 
BIOSYNTHESIS OF GPI
Since discovery of GPI anchor, 5) biosynthetic pathway of GPI has been extensively investigated in various eucaryotes such as protozoa, 27, 36, 37) yeast 38, 39) and mammals, 40, 41) by identifying the intermediates radiolabelled metabolically with the components or percursors of GPI. Figure 5 represents the recent schemes of GPI biosynthesis in T. brucei (bloodstream forms) and mammalian cells, a version of Ferguson's illustration. 37) In both pathways, UDP-N-acetylglucosamine (UDP-GlcNAc) plays the role of N-acetylglucosamine donor to PI (Step I), and the resulting GlcNAc-PI is deacetylated to yield GlcN-PI (Step II). Then, dolichol phosphate mannose (Dol--Man) and phosphatidylethanolamine (PE) act as the donors of mannose and ethanolamine phosphate (EtN-), respectively. Main difference between these two pathways exists in Step III: In the mammalian system, inositol acyltransferase (Ac-T) directly acts on the inositol moiety of GlcN-PI, then mannosylation of the glucosamine moiety takes place. On the other hand, mannosylation of GlcN-PI precedes to acylation of the inositol moiety in the system of T. brucei. Also in this system, there is a unique remodelling process in which two acyl groups in the diacylglycerol moiety of PI are replaced with myristoyl groups by sequential deacylationreacylation, 42, 43) as shown in Fig. 5c . From mammals to protozoa, the whole process of GPI biosynthesis is carried out in the endoplasmic reticulum (ER). By post-translational modification with transamidase complex, proteins are combined with the synthesized GPI precursors such as lipid A in T. brucei (Fig. 5a ) and lipids H7 and H8 in mammals (Fig. 5b) . Then, the proteins bearing 5Ј-NT: 5Ј-Nucleotidase, AChE: Acetylcholinesterase, ALP: Alkaline phosphatase, MDP: Membrane-bound dipeptidase, EtN: ethanolamine, : phosphate, Man: mannose, GlcNH 2 : glucosamine, X: lipid moiety, Gal: galactose, GlcNAc: N-acetylglucosamine, GalNAc: N-acetylgalactosamine, NANA: N-acetyl-neuramic acid, Hex: hexose, HexNAc: Nacetylhexosamine, nd: not determined.* Also, GP64, a cell-surface protein of Polysphondylium pallidum (a slime mold), has ceramide in its GPI structure. 29) GPI precursors in their carboxyl-terminals are transported to Golgi complex where the proteins are subjected to further modification in the GPI moiety, and finally inserted into the plasma membrane as mature GPI-anchored proteins.
The biosynthetic routes of GPIs in eucaryotes have been further investigated in detail at the level of genes involved in these pathways. Genes encoding the enzymes in GPI biosynthesis of mammals, 44) yeast 45) and protozoa 46) have been identified by cloning, sequencing and using the techniques of knock out and rescue. Especially, Kinoshita's group extensively contributed to systematic identification of many genes related to the enzymes and protein subunits in GPI biosynthesis of mammals. 37, 44, 47) According to their studies, nearly 20 genes participate in this pathway. The enzyme involved in
Step I (Fig. 5b) is GPI-N-acetylglucosaminyltransferase (GPI-GnT), a glycosyltransferase complex composed of at least six proteins; PIG-A, PIG-C, PIG-H, GPI1, PIG-P and DPM2. 44, 48, 49) PIG-A was the first cloned gene in this GPI-GnT complex, 50) and PIG-A has been presumed to be responsible for catalytic activity of the transferase.
44) The gene PIG-A is localized in the X chromosome, and the somatic mutation of PIG-A proved to induce paroxysmal nocturnal hemoglobinuria (PNH), an acquired hematopoietic disease, by causing deficiency of GPI anchor. 51, 52) The reaction of Step II is catalyzed by PIG-L which is shown to have GlcNAc-PI de-N-acetylase activity, while mannosylation reactions of Steps IV and VII are mediated by PIG-M (GPI a1-4 mannosyltransferase) and PIG-B (GPI a1-2 mannosyltransferase), respectively. 44) On the one hand, ethanolamine phosphate transfer to the first (Step V) and the third (Step VIII) mannose residues, are mediated by PIG-N and by PIG-F and PIG-O, respectively. Recently, GPI transamidase complex consisting of four protein components such as GAA1, GPI8, PIG-S and PIG-T, proved to be responsible for GPI attachment to proteins in Step IX. 53) In this complex, catalytic activity is assumed to be due to GPI8. 54) As a whole, the yeast system of GPI biosynthesis is similar to the mammalian system, because the yeast genes corresponding to those of mammals have been discovered in the biosynthesis of GPI.
44) The protozoal system, however, seems to be rather unique, as compared with those of mammals and yeast. Genetic studies on the protozoal biosynthetic system of GPI are in progress in Kinoshita's group and others.
CARBOXYL-TERMINAL SIGNAL PEPTIDE OF PROTEIN REQUIRED FOR GPI MODIFICATION
The process of protein modification with GPI precursor(s) is illustrated in Fig. 6 . 13) At first, the polypeptide chain synthesized in the ribosomes attached to ER membrane, is 412 Vol. 25, No. 4 Usually, myo-inositol 1,2-cyclic phosphate tends to accumulate, since the Step II is extraordinarily slow.
processed by splitting N-terminal leader peptide with signal peptidase. The resulting protein is bound to the lumen side of ER-membrane by the carboxyl-terminal hydrophobic peptide, and then translocated to the site of transamidase complex and GPI precursor(s) in the presence of BiP chaperon, ATP and GTP. 55) Then, a carboxyl-terminal peptide having the hydrophobic region is cleaved off from the protein by the action of transamidase complex, and the resulting new carboxyl-terminus (w-site) is combined with the ethanolamine head of GPI precursor(s). The presence of such a peculiar peptide is common to all GPI-anchored proteins as predicted by their cDNAs, and Caras et al. characterized this peptide as the signal for GPI attachment. 56) In their trial, DAF, decay accelerating factor, was used as a probe of GPI-anchored protein. By genetic manipulation, they spliced the nucleotides coding for the final 37 amino acids predicted by DAF cDNA to the carboxyl-terminal part of a truncated, secreted form of gD-1, a Herpes simplex virus protein. When this chimeric protein was expressed in CHO cells, the resulting gD-1-DAF appeared on the cell surface as a GPI-anchored protein which was released from the cells by the action of B. thuringiensis PI-PLC. Thus, the transplanted carboxyl-terminal peptide from DAF proved to play the role of signal for GPI attachment.
Various studies have been developed on the carboxyl-terminal signal peptides for GPI anchor ever since. Many GPI- anchored proteins have been determined for the amino acid sequences of their signal peptides, by subtracting those of mature proteins from those of nascent proteins predicted by cDNA. 12, 14, 57) Furthermore, the amino acid requirement of GPI signal peptide has been investigated in detail. [58] [59] [60] [61] [62] [64] [65] [66] As the results of these studies, not only the sequence of the carboxyl-terminal peptide cleaved but also the amino acid at the cleavage site w proved to be important for GPI anchoring of each protein. 58) By the analysis using site-directed mutagenesis, Caras's group 59) showed that a pair of simple amino acid residues such as Ser-Gly observed in DAF was strikingly effective sequence as the cleavage/attachment site (w/wϩ1), while Micanovic et al. 60) demonstrated the small, hydrophilic amino acids such as Ser, Asn, Ala, Asp, Gly and Cys to be more efficient as the cleavage site w than others, using placental alkaline phosphatase (PLAP) as the probe. Furthermore, Udenfriend's group designed a shortened PLAP (miniPLAP) for the survey of amino acid requirement at the sites of w/wϩ1 and wϩ2.
58) The unprocessed form of miniPLAP retained the amino-and carboxyl-terminal signal sequences of nascent PLAP but was devoid of 60% of the internal sequence and supplemented with insertion of a short Met-rich peptide as a linker. By site-directed mutagenesis of amino acid residues at w, wϩ1 and wϩ2, amino acid requirement of these three sites was determined for expression of GPI-anchored miniPLAP, as shown in Fig. 7 . In these studies, Udenfriend's group emphasized importance of the presence of simple amino acids at w and wϩ2. Amino acid requirement of wϩ1 site proved to be comparatively low.
The role of hydrophobic tail at carboxyl-terminal is to retain the polypeptide chain on the membrane until GPI modification. In this region, therefore, both length and hydrophobicity are needed for GPI anchoring. The minimal length required depends on the nature of amino acid residues. For instance, Coyne et al. reported that at least 11 Leu residues were required for GPI modification of truncated CD46 which was linked to the hydrophobic tail consisting solely of this amino acid. 61) We also tried to determine the minimum length of the hydrophobic domain for GPI modification of bovine liver 5Ј-nucleotidase, by expressing a series of the deletion mutants of the carboxyl-terminus in COS cells. 62) From the results of this study, we concluded that the hydrophobicity of 13 amino acids in length was enough for GPI binding of 5Ј-nucleotidase, as shown in Fig. 7 . According to the method of Kyte and Doolittle, 63) we calculated the hydrophobicity of truncated hydrophobic region of each mutant and obtained the value of minimum hydrophobicity for GPI modification as 40. Several research groups became aware of the presence of the hydrophilic spacer region between the cleavage/attachment site and the hydrophobic peptide tail. [57] [58] [59] 61) They suggested that 9-12 amino acid residues were required as the spacer length for GPI modification. 59, 61) However, we found that almost a half of 51 precursor proteins so far reported have a hydrophilic spacer whose length is less than nine amino acid residues. 64) Thus we tried to investigate the role of spacer sequence for GPI modification of bovine liver 5Ј-nucleotidase, by constructing deletion and elongation mutant genes which alter length of the hydrophilic spacer on the occasion of expression in COS cells. By systematic deletion and Ala insertion of the sequence, we showed that the sequences consisting of 6-14 amino acid residues were compatible for GPI modification, and that the optimal length of spacer would be 8, equal to the number of natural selection. In addition, the cleavage/attachment site, w, might be shifted to the carboxyl-terminal side when the spacer was further extended with Ala to more than 14 amino acid residues in the total length. 64) These results are not consistent with those of DAF 59) and CD46, 61) but seem to be more applicable to most of 51 precursor proteins hitherto reported. Undoubtedly, the length of the spacer sequence proved to influence efficiency of GPI modification, as shown in Fig. 7 . Anyway, the hydrophilic spacer including amino acid residues at wϩ1 and wϩ2 sites must play a role for leading the w-residue correctly to the active site of GPI transamidase complex.
Based on the computational analysis of the database for 155 GPI-anchored proteins, Eisenhaber et al. 65) recently proposed a new concept of the carboxyl-terminal GPI-modification signal, consisting of four sequence regions (Fig. 8a): 1) an unstructured linker region of 11 residues from wϪ11 to wϪ1, which is flexible and polar;
2) a region of small residues from wϪ1 to wϩ2 including the cleavage/attachment w site;
3) a spacer sequence (wϩ3 to wϩ8) of moderately polar regions with intervening hydrophobic residues wϩ4 and wϩ5; 4) a hydrophobic tail from wϩ9 to the carboxyl-terminal end. This proposal agrees well with our observation, since the hydrophobic tail starts from wϩ9 site. The length of hydrophilic spacer sequence of bovine liver 5Ј-nucleotidase, i.e. the distance between w and the end of spacer, is eight amino acid residues, according to our study. 64) Moran and Caras reported that requirements for GPI attachment were not completely identical in mammalian cells and protozoa. 66) Proteins were not expressed in COS cells of mammalian origin, by transplanted carboxyl-terminal signal peptide of VSG, the coat protein of T. brucei. From this study, the difference of signals between mammals and protozoa proved to be dependent on the triplet amino acid residues at w, wϩ1 and wϩ2 sites. This difference was finally ascribed to the pocket size of catalytic site in the GPI-transamidase complex, i.e. the size of acceptor for this triplet. As compared with mammalian cells, relatively larger triplets were permissible in T. brucei for GPI anchoring of proteins. Recently, Kinoshita's group revealed significant difference between GPI-transamidases of mammalian cells and T. brucei. 53, 54, 67) For the four components (GPI8, GAA1, PIG-S and PIG-T) of transamidase complex in mammalian cells, a catalytic component homologous to GPI8, TbGPI8, was identified in T. brucei.
67) The GAA1 homologue found in T. brucei was not present in the transamidase complex bearing TbGPI8. Furthermore, the proteins having the molecular weights of 70, 40 and 35 kDa were involved in trypanosomal GPI-transamidase complex. These new protein components were not homologous to PIG-S and PIG-T, nor they had any homologues in human and yeast proteins. Therefore, the delicate difference between mammalian and protozoal carboxylterminal signals seems to be reflexion of the different composition of transamidase complexes.
In mammalian GPI-transamidase complex, GAA1 is required for formation of a carbonyl intermediate between the transamidase and precursor protein, 54) assisting the action of the catalytic component GPI8 which is homologous to the members of cysteine protease family. 44, 54) On the one hand, PIG-S and PIG-T which form a complex with GPI8 and GAA1, are essential for GPI-modification of proteins and the role of PIG-T is to maintain the transamidase complex by stabilizing the expression of GPI8 and GAA1. 53) According to recent information presented mainly by Eisenhaber's and Kinoshita's groups, GPI transamidase-catalyzed modification of protein can be illustrated as shown in Fig. 8b .
INTRACELLULAR TRANSPORT, CLUSTER FORMATION AND FUNCTIONS OF GPI-ANCHORED PROTEINS-CONCLUSIONS
As mentioned earlier, GPI-modified proteins are transferred from ER to plasma membrane through trans-Golgi network. Recent studies have developed the concept of "lipid rafts", which transport GPI-anchored proteins in the glycosphingolipid (GSL)-associated forms (rafts) from Golgi to cell surface. [68] [69] [70] [71] According to Brown and Rose, 68) when a GPI-anchored protein, PLAP, was expressed in MDCK cells, detergent extraction of the cells resulted in the insoluble membrane complex containing PLAP and GSL. Pulse-chase experiments showed that PLAP was closely associated with this complex at Golgi, suggesting the presence of the raft. Thus GPI-anchored protein such as PLAP was assumed to be transported by this raft to the apical surface of the cells. The hypothesis of lipid rafts was further supported by formation of cholesterol-dependent cluster of GPI-anchored proteins on the membrane microdomain of cell surface, according to fluorescence-depolarization analysis of DAF 72) and chemical crosslinking of Thy-1 (a GPI-anchored protein). 73) In the polarized cells such as MDCK cells, GPI anchor is supposed to function as a sorting signal for protein transport to the apical cell-surface. 74) In metazoa, however, a number of functionally diversified proteins such as enzymes, receptors and cell-surface antigens are anchored to the plasma membrane by GPI. Therefore, the exact roles of GPI anchor and GPI-anchored proteins remain unclarified. On the other hand, vast amounts of GPI-anchored proteins exist in the cell surface of protozoa as coat proteins and protective antigens. In addition, the biosynthetic pathways of GPI are fairly different between mammals and protozoa, especially at the Step III and the stage of protein attachment. Based on this information, several inhibitors specific to GPI biosynthesis of protozoa are now examined for the use in chemotherapy of the diseases caused by pathogenic protozoa such as Trypanosoma.
